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 ABSTRACT 
 
The synthesis of a series of supramolecular double sulfate salts using transition metals and the 
aromatic amine -methylbenzylamine afforded an unexpected hybrid lamellar structure type. 
(C8H12N)2[M(H2O)4(SO4)2].2H2O (M = Fe to Zn) crystallizes with a monoclinic structure 
(S.G. P21/n), with a significant interlamellar distance of more than 16 Å. While comparable to 
common clay materials, the crystal structure is actually supramolecular, in particular the 
mineral layer is built from hydrogen bonds only. The interlayer space is filled with aromatic 
amines that form chains through C-H···π interactions. The thermal study of all metal 
compounds has revealed a good stability of the filled compounds up to 200°C. The 
dehydration proceeds differently according to the metal incorporated into the structure. In 
particular, the stepped release of water modifies drastically the interlayer space, which is able 
to vary from 14.8 to 18.8 Å, in opposite way for the Zn-related compound compared to other 
metals. 
 
 INTRODUCTION 
 
Hybrid organic-inorganic materials have been the subject of major interest in the two last 
decades, providing a wide range of potential applications from complementary properties of 
the components that belongs to the material. 
1–5
 
A particular use of amines, generally protonated, as organic part has provided many types of 
materials from the beginning of this century. Most articles describe the templating role of the 
protonated amines,
6–8
 whereas a few highlight their importance in several applications, such 
as optics and catalysis.
9–11
 In almost all of these materials, the amine cations interact with the 
inorganic part through weak hydrogen bonds, so that such compounds belong to Class I of 
hybrids. 
Amongst them, many sulfates have been elaborated using organic molecules as templates, 
while cations involved in their syntheses included transition metals,
12
 lanthanides
13
 and 
actinides.
14
 An interesting feature of sulfate-based phases was the diversity of structure 
framework dimensionality that could be reached, as structures are built from chains, layers or 
three-dimensional connections. More recent results on amine metal sulfates actually 
enlightened their potential applications, from the renewal of zero-dimensional structures 
belonging to alums and Tutton’s salts.15–17 Indeed, similar double salts were known to show 
phase transitions at low temperatures and a few could exhibit interesting properties, such as 
ferroelectricity
18
 or optical properties.
19
 Not only sulfates are concerned by these features but, 
recently, hybrid halogen-based materials have demonstrated exciting properties.
20–22
 
Regarding sulfate-based double salts, we demonstrated the ability of some phases to possess 
order / disorder crystal structure phase transitions, associated to dielectric properties, ca or 
above room temperature.
23–25
 However, it seems that there is no relationship between the 
nature of the transition metal and the existence of the dielectric property. A few authors
26
 
proposed that the amine group may have an influence on such a property.  
In the present study, the foremost idea has been to show the influence of aromaticity and/or 
delocalization of electrons onto the amine on expected dielectric properties. The peculiarity of 
the used -methylbenzylamine, C8H11N, is that its conformation can be described as a 
hydrophobic aromatic ring well separated to a hydrophilic monoamine part that accepts 
hydrogen bonding, by the presence of one aliphatic C atom. This shape would allow 
separating the contribution of the aromaticity to that of the metal, in case of dielectric 
behavior. Instead, the synthetic reactions with this amine provided, while still supramolecular, 
a new structure type, which can readily be related to layered materials. We recently showed 
that zinc-based sulfates with aromatic amines, including methylbenzylamine for which a short 
structure description was given, possess a catalytic activity towards a diastereoselective 
separation through the nitroaldol reaction.
27
  
Lamellar materials are of huge importance in the host-guest chemistry, due to their essential 
role in intercalation/de-intercalation processes, which makes them useful in adsorption, 
electronic/ionic conduction and catalysis reactions for example.
28–30
 They include a large 
variety of materials, from clays,
31
 chalcogenides,
32
 oxides and oxoanion-based compounds,
33
 
layered double hydroxides,
34
 graphene-based structures,
35
 organically pillared clays
36
 or 2D 
coordination polymers.
37
 They may be pure inorganic, hybrid organic-inorganic, or metal-
organic compounds. Their structures are built from at least the propagation of high crystal 
bonding energy in one lattice direction, i.e., covalent or ionic bonds. To our knowledge, the 
family of compounds described in this study is the first example of layered compound built 
from inorganic sheets that possesses a crystal structure consisting in weak interactions only in 
the three dimensions. For this reason, the crystal structure of members of 
(C8H12N)2[M(H2O)4(SO4)2].2H2O is described in detail. As the thermal stability of layers into 
2D materials has been the key point of potential applications,
38,39
 we performed a fine study 
of the thermal behavior of all the materials. The structural evolution, related to the departure 
of water is also presented in the paper. 
 
 EXPERIMENTAL SECTION 
 
Materials.  
FeSO4.7H2O (MERCK), CoSO4.6H2O (PROLABO), NiSO4.6H2O (Aldrich Chemie), 
CuSO4.5H2O (ACROS ORGANICS), ZnSO4.7H2O (CARLO, ERBA), 1-phenylethanamine 
(methylbenzylamine C8H11N) (Sigma Aldrich), H2SO4 (97 %, Aldrich) were acquired from 
commercial sources and used as received. 
 
Synthesis.  
The compounds (C8H12N)2[M(SO4)2(H2O)4](H2O)2 are obtained by slow evaporation at room 
temperature. Metal sulfates and methylbenzylamine (MBA) were dissolved together in 10 ml 
of water and sulfuric acid (pH ~ 3) with appropriate molar ratios indicated in Table 1. The 
clear solutions were stirred for ~15 min until the complete dissolution and allowed to stand at 
room temperature. Single crystals in the form of sticks appeared after a few days. Then, the 
products were filtered off and washed with a small amount of distilled water. For 
convenience, the final products of formula (C8H12N)2[M(SO4)2(H2O)4](H2O)2 are named 
FeMBA, CoMBA, NiMBA, CuMBA and ZnMBA, following their containing transition metal 
element.  
According to the molar ratio used in the different solutions, the final stoichiometry could be 
reached directly from the correct metal/amine molar ratio in the case of copper and zinc 
compounds, i.e., 1 to 2. For Co and Fe compounds, it was necessary to increase excess of 
amine to reach the final composition. Surprisingly, NiMBA crystals could only be obtained 
with equimolar ratio of metal and amine, at a higher concentration. 
 
Single-Crystal Data Collection and Structure Determination. 
A suitable crystal was glued to a glass fiber mounted on APEX II area detector 4-circles 
diffractometer. Intensity data sets were collected using Mo K radiation (0.71073 Å) through 
the Bruker AXS APEX2 Sofware Suite. The crystal structure was solved in the monoclinic 
symmetry, space group P21/n (No. 15). Metal and sulfur atoms were located using the direct 
methods with the program SIR97.
40
 C, N and O atoms from the amine and sulfate groups, and 
water molecules including H atoms were found from successive difference Fourier 
calculations using SHELXL-97.
41
 Their positions were validated from geometrical 
considerations as well as from the examination of possible hydrogen bonds. Within a water 
molecule, the O-H distance was restrained to 0.96(2) Å and the H-H distance to 1.50(3) Å, so 
that the H-O-H angle fitted the ideal value of 105°. The atomic displacement parameters of 
the H atoms were fixed at 1.5Ueq of their parent atom. Structure refinements were performed 
on F
2
 with SHELXL-97. Crystallographic data are given in Table 2. 
 
Thermal Analyses.  
Temperature-dependent X-ray powder diffraction (TDXD) were carried out with a - Bruker 
AXS D8 Advance powder diffractometer, equipped with a high-temperature Anton Paar 
HTK1200 oven camera and a LynxEye detector. Powder patterns were collected sequentially 
upon heating at 21.6 °C h
-1
 up to 400 °C, with the monochromatized CuK1 radiation ( = 
1.5406 Å). To ensure satisfactory counting statistics, counting times of 20 min/pattern were 
selected for the thermal decomposition of the precursors, so that any pattern could be 
collected within a temperature range of 7.2 °C.  
TGA measurements were performed with a Rigaku Thermoflex instrument in flowing air for 
any compounds, with a heating rate of 10 °C h
-1
 up to 600 °C. For the Ni phase, an additional 
TGA/DSC measurement was performed under oxygen with a Labsys 1600 (Setaram), in the 
range 18 - 600 °C, with a heating rate of 0.5 °C min
-1
. During this thermal analysis, emitted 
gases were analyzed using a mass spectrometer (OmniStar®, Pfeiffer). 
 
Infrared studies.  
Fourier transformed infra-red spectroscopy (FTIR) (BRUKER EQUINOX 55) was used to 
highlight the structural analysis. FTIR studies were performed on 1 mg of material mixed with 
100 mg of dried KBr. 
 
 RESULTS AND DISCUSSION 
 
Infrared Spectra. 
Table 3 represents the major selected absorptions in the IR spectra of NiMBA (Figure 1a) 
and ZnMBA (Figure 1b) compounds with their respective assignments. The presence of α-
methylbenzylammonium
42
 was evidenced by the appearance of the typical absorptions bands 
for bending of the NH3
+
 group at ~1500 cm
-1
, deformation of CH3 at 1396 cm
-1
 , deformation 
of C-H at 700 cm
-1 
and stretching of the C-C ring at 1461 cm
-1
. The bending vibration of the 
water molecules appeared at 1654 cm
-1
. The presence of SO4 groups was shown by 
characteristic band in the lower wavelengths at 558 and 632 cm
-1
.
43
  
 
Crystal structure. 
All of these (C8H12N)2[M(SO4)2(H2O)4](H2O)2 (M = Fe, Co, Ni, Cu, Zn) compounds are 
isostructural and crystallize in the monoclinic symmetry, with the centro-symmetric space 
group P21/n. The crystal structure is built from inorganic anionic layers of [M(H2O)4(SO4)2]
2-
 
stacking along the crystallographic b axis, in between there are methylbenzylammonium 
(C8H12N)
+
 cations, which are located, in such a way to compensate the negative charges of the 
inorganic part. In addition, free water molecules (OW3) are located on either side of the 
inorganic sheet and point towards the ammonium cations (Figure 2).  
A so-called “inorganic layer” is actually developed from trimeric units, which correspond to 
one metal
 
octahedron linked to two sulfate tetrahedra. Water molecules (that have already 
bonded with a metal) can only be connected to sulfates of adjacent trimers through a strong 
OW-H...O hydrogen bond. It gives rise to a pseudo 2D inorganic sheet parallel to the (a, c) 
plane (Figure 3). Such connectivity within the layer definitely gives a strong supramolecular 
character of the structure. 
Because of the steric hindrance of the organic part, combined with the free water molecule, 
the distance between the mean planes of two adjacent inorganic layers is remarkably high. 
Indeed, it corresponds to half the value of the b unit cell parameter, i.e., which is greater than 
16.2 Å (see Table 2).  
As regarding the supramolecular aspect of the inorganic layer, it is clearly assumed that these 
compounds define a new supramolecular structure type with a lamellar character, in the 
sulfate families and their derivatives. To our knowledge, it is the first time that a 
supramolecular hybrid organic-inorganic compound exhibits a very important distance 
between inorganic layers. For example, an adeninium oxalate copper complex has been 
described considering anionic and cationic layers, with a distance between two inorganic 
sheets of ~11.4 Å, the anionic layer being built with hybrid supramolecular entities.
44
 More 
important interlamellar spacing is observed in 2D structures in which layers are built from 
condensed entities, i.e. with ionic or covalent bonds. For example, the most important 
interlayer distance in sulfates possessing anionic sheets was reached for 
La2(H2O)2(C4H12N2)(SO4)4,
45
 i.e., 13.4 Å. Distances beyond 16 Å can be observed mainly in 
lamellar structures that are readily delaminated, such as in clay materials.
46,47
  
The entire structure is then stabilized by O-H···O hydrogen bonding between inorganic 
entities, N-H···O hydrogen bonding between the inorganic and organic moieties and C-H···π 
interactions between the aromatic rings of the organic moieties themselves. Indeed the organic 
cations are linked together through the aromatic-aromatic interaction between benzene rings 
in a perpendicular arrangement to form a T-shaped configuration.
48
 In the iron-based 
compound (Figure 4), the value of the angle between two T-shaped aromatic rings is 
83.98(8)° and the centroid to centroid distance is 5.0274(1) Å, which is close enough to 
enable two C-H…π interactions to occur with a distance of about 2.96 Å from C8. Within a 
molecule, the C-N and C-C distances are close to the usual values observed in others 
homologous derivates. Each organic cation engages its hydrogen atoms of the ammonium 
group in N-H···O hydrogen bonds, i.e., towards two sulfate oxygen atoms and the free water 
molecule. So, it participates in the stabilization of the structure with the inorganic layers.  
The main role of the free water molecule (namely OW3 in Fig3) can be seen as a bridge 
between the ammonium fragment of the organic molecule and the sulfate tetrahedron, as a 
direct H bond between the latter is not possible for a distance purpose. 
The transition metal occupies a special position at the centre of symmetry of space group 
P21/n and is located in an almost regular octahedron, except Cu. Within the copper 
octahedron, the Cu-OW2 and Cu-OW3 distances are 1.982 and 1.975 Å, respectively, while 
the Cu-O3 distance (2.314 Å) is strongly elongated. Thus, the Cu
2+
 ion displays the so-called 
(4+2) coordination type that are often been observed, and is consistent with the well-known 
Jahn-Teller effect.
49,50
 This significant Cu-O3 elongation, (i.e., more than 0.3 Å) is the origin 
of the larger interlayer distance between two inorganic layers, compared to the other 
compounds. Indeed, the organic molecule develops an H-bond between N and the sulfate 
oxygen O3 which is directly involved in the Cu-O elongation (Figure 3). This is the 
consequence of the larger value of the b cell parameter of the Cu compound (Table 2), which 
is twice the interlayer distance. On the other hand, the regularity of the metallic octahedral 
environment in the others explains that the interlayer distances are similar.  
Within a layer, the [M(H2O)4(SO4)2]
2-
 trimeric units are separated from one to each other with 
the shortest metal-metal distances ranging between 6.1582(1) Å in NiMBA and 6.2452(2) Å 
in CoMBA. It is noticeable that such distances are remarkably shorter than these observed in 
related sulfate compounds exhibiting the same connectivity between the same 
[M(H2O)4(SO4)2]
2-
 units, i.e., Mg···Mg= 6.785 Å and Co···Co= 6.803 Å in 
(C2H10N2)[Mg(H2O)4(SO4)2] and (C2H10N2)[Co(H2O)4(SO4)2], respectively.
51,52
 
 
Thermal decomposition. 
The importance of both the lamellar feature and the supramolecular structure of the pristine 
compounds justifies a thorough study of their thermal stability. Indeed, for practical use, 
efficient materials operate at moderate temperatures, typically, below or around 100 °C for 
environmentally friendly processes to produce fine chemicals,
53,54
 or for adsorption and ion-
exchange.
55
 
All compounds were individually studied by following their thermal decomposition using in 
situ X-ray powder diffraction and thermogravimetric analyses. It is known, independent on 
the isotypical crystal structures, that the thermal behaviors may differ according to the metal 
incorporated in the structure.
56,57
 In the present study, the thermal dehydration of 
(C8H12N)2[M
II
(SO4)2(H2O)4](H2O)2 is similar for all but the Zn based compound, while the 
full decompositions into metal sulfates process through a complex scheme which is 
comparable for all the phases. 
 
a. Thermal dehydration of the nickel-based compound (NiMBA) and related phases (Fe, Co, 
Cu). 
The TG curve and the three-dimensional representation of the powder diffraction patterns 
obtained during the decomposition of (C8H12N)2[Ni(SO4)2(H2O)4](H2O)2 are shown in 
Figures 5a and 6a, respectively. The rapid weight loss (13.5%) observed on TG curve 
between 50 and ~90 °C is attributed to the departure of 4.5 water molecules (calculated 
weight loss, 13.43%). On the TDXD plot, (C8H12N)2Ni(SO4)2(H2O)1.5 is observed at ~75 °C. 
The second weight loss observed on the TG curve between 100 °C and 150 °C, is attributed to 
the departure of the remaining 1.5 water molecules (total observed weight loss, 18.6%; 
theoretical weight loss, 17.91%). This led to the formation of the poorly crystallized 
anhydrous compound, as shown in the TDXD plot between at 140 °C and 160 °C. At 180 °C, 
there is a significant modification of the powder patterns into a phase which is stable up to the 
beginning of the amine decomposition at ca. 180 °C, while no weight loss is observed. A 
probable hypothesis would arise in a rearrangement of the nickel polyhedron, as observed 
elsewhere,
58,59
 and as discussed below (see paragraph c).  
The same dehydration scheme has been observed for the related phases based on Fe, Co, and 
Cu metals, for which the transformations differ only in term of stage temperatures (Table S1) 
and crystallinity.  
 
b. Dehydration of the zinc-based compound (ZnMBA). 
Both the TG curve and the TDXD plot of the zinc compound are shown in Figures 5b and 
6b, respectively. The first weight loss of 9.9% between 30 and 50°C corresponds to the 
departure of 3.5 water molecules (theoretical weight loss, 10.3%). The second stage on the 
dehydration takes place between 55 and 70°C, and corresponds to the departure of 1.5 water 
molecules (observed weight loss, 14.5%; calculated weight loss, 14.8%). Then, the slower 
departure of the remaining water molecule is shown between 70 and ca. 105 °C (observed 
weight loss 16.6%; calculated weight loss 16.2%). and gives rise to the anhydrous compound 
(C8H12N)2Zn(SO4)2. All weight losses are accompanied with the change of diffraction patterns 
in Fig. 5b, which indicates structure transformations as in the Ni-based compound. The main 
difference is the formation of a 2.5H2O intermediate of the Zn phase, instead of 1.5H2O for 
the Ni phase. Similarly, (C8H12N)2Zn(SO4)2 is stable up to ~195 °C but only slight and 
continuous modifications in the diffraction patterns are observed within its stability 
temperature range, in place of the abrupt structural change for the anhydrous nickel phase. 
 
c. Structural evolution of the lamellar phases upon dehydration. 
The layered character of the structures is, as generally observed for lamellar materials, 
associated with an intense diffraction peak at low angles, arising from preferred orientation of 
the crystallites. In the present structure, this awaited first peak is correlated to the distance 
between two inorganic sheets, i.e. ~16.2 Å and corresponds to the (020) reflection. According 
to the TDXD plots (Figures 6a, 6b), this most intense diffraction line is observed all along 
the dehydration stage up to the decomposition temperature (~200 °C) but its angular position 
varies according to the phases transitions and the thermal evolution. The low quality of the 
powder diffraction patterns obtained upon dehydration do not allow reaching the values of the 
a and c cell parameters, which would give information on the behavior of the inorganic layer 
itself. Despite weak hydrogen bonding interactions within the inorganic layer, the lamellar 
character of the structure is then preserved during the dehydration. The variation of the 
inorganic interlayer distance as a function of temperature for the Zn and Ni related 
compounds is shown in Figure 7. It is seen that the first stage of the dehydration of the Zn 
compound (into the hemipentahydrate phase) has a negligible impact on the interlayer 
distance, as it slightly decreases of about 0.2 Å. As it was supposed that the free water 
molecule (so called OW3 in the precursor) is a bridge between the amine and the inorganic 
layer, it is expected that this water molecule keeps its role. In fact, water molecules connected 
to the Zn cation (namely Ow1 and Ow2) can easily be released, as a rearrangement of the Zn 
polyhedron from the octahedron to a tetrahedron is still possible, thus incorporating more 
sulfate oxygen atoms. This is due to the electronic configuration d
10
 of Zn
2+
, which equally 
favors octahedral and tetrahedral environments in term of crystal field stabilization energy. 
Among many double sulfate salts involving 3d transition metal cations, there is a unique 
crystal structure in which the metal, a zinc atom, adopts a tetrahedral coordination, i.e., 
Zn[C(NH2)3]2(SO4)2.
60
 No other existing double alkaline/amine metal sulfate salts possesses a 
tetrahedrally coordinated metal atom, even in the guanidinium-based sulfate family.
15
  
At ~90 °C, there is a dramatic increase of the distance for the Ni - and related phases - of 
more than 2 Å, while it decreases of about 2 Å for the Zn phase. According to the number of 
water molecules in the formula of the Zn compound from this temperature, (i.e., less than 
1H2O,) it is obvious that the expected free remaining molecules are released. The 
consequence would be that the ammonium groups come closer to the inorganic layers to 
ensure the connectivity through the H-bonds, thus decreasing the interlayer space. In the same 
manner, the release of the free water molecule is expected for the Ni compound at this 
temperature. However this stage implies the departure of 4.5H2O per formula, which also 
involves the release of some water molecules bonded to Ni. Contrary to Zn
2+
, a tetrahedral 
environment for a non d
5
 or d
10
 cation (i.e., Fe, Co, Ni, Cu) should not be favourable. Figure 
S1 illustrates the behavior of the inorganic interlayer distance for Fe, Co, and Cu based 
compounds, which is clearly similar to that of the Ni-based compound. Despite the fact that 
Fe
2+
 (d
6
) and Co
2+
 (d
7
) cations are able to adopt a tetrahedral environment, it is obvious that 
the crystal field energy does not play in favour of a tetrahedron. Then, the rearrangement 
around the Ni
2+
 cation clearly differs from the zinc cation, which probably involves a strong 
modification into the layer itself. It is at the origin of the expansion of the interlayer space 
instead of its diminution. Up to 200°C, there is no structural evolution of the Zn phase and the 
interlayer distance only slightly increases, certainly due to the thermal expansion of the 
material. For the Ni-related phase, the departure of the last water molecules at 130 °C leads to 
the decrease of the distance to about 16 Å. As explained before, another phase transition has 
been observed at 180 °C on the TDXD plot before the decomposition. This is in agreement 
with the significant increase of the interlayer space of more than 1.5 Å, while it was not 
observed in the Zn compound.  
Additional in situ measurements were performed for the Ni and Zn related compounds, in 
order to study the stability of all hydrates observed upon heating. Each partially hydrated 
phase was obtained by reaching their formation temperature, prior to cooling down to room 
temperature. In all cases, the pristine hexahydrate phase was regenerated rapidly in ambient 
conditions. It confirms that the metal cation is stabilized by an octahedral environment of 
water molecules, instead of a tetrahedral environment expected at higher temperatures. 
The keeping of the interlayer spacing is explained by the existence of H bonds in all stages of 
the dehydration. Indeed, it has been shown in terephtalate- and benzoate-intercalated LDH 
materials (LDH intercalated with aromatic molecules) that the hydrogen bonding is critical in 
maintaining the stability of the expanded interlayer region.
61
 In the cited compounds, the 
water loss, (i.e., the loss of H bonding) leads to a flattening of the organic molecules relative 
to the layers, which significantly reduces the d spacing. On the contrary, the water release in 
the 2D sulfates, though having an influence on the variation of interlayer space, does not lead 
to the structure collapse, because of the presence of weak interactions provided by the 
protonated amines in the vicinity of the mineral layer. 
 
d. Decomposition of (C8H12N)2M(SO4)2 into metal sulfates. 
Beyond 200 °C, the layered compounds decompose, as seen on the TG curves (Figures 5a 
and 5b). The decomposition is complex and proceeds in several stages. The weight losses 
associated with the steps could not allow proposing chemical formulae. However, the mass 
spectrometry (Figure S2) of the Ni compound showed that the amine group decomposes at 
the first stage, together with a part of the sulfate groups, at ~200 °C, which corresponds to a 
rapid and important weight loss. Between 220 and ~300 °C (280 °C for the Zn phase), the 
weight loss is much slower. The TDXD plots (Figures 6a, 6b) show crystalline phases in this 
temperature range. Surprisingly, the small modification of the patterns at about 250 °C did not 
correspond to a single phase transition, but was clearly interpreted as a multiphase 
transformation (Figure S3). In addition, for all related materials (from Fe to Zn), these 
crystallized phases differ from their powder diffraction patterns (Figure S4). The metal 
sulfate is then obtained at ~300 °C in all cases and is stable at least up to 600 °C.  
 
 
 
 
 CONCLUSION 
 
We have synthesized a series of double sulfate salts of transition metal elements (from Fe to 
Zn) and -methylbenzylamine. The typical structural feature observed in many related double 
salts, that is to say, a supramolecular structure built from isolated entities, has been obtained 
as it was expected to. The design of the protonated amine, in the form of -
methylbenzylammonium, allowed forming weak hydrogen bonds from the amine group and  
interactions from the aromatic moiety. As a consequence, we have obtained for the first time a 
supramolecular double salt that possesses a lamellar character, with a significant interlayer 
distance of more than 16 Å. Furthermore, the study of the thermal dehydration of all the 
members of the family could establish that the compounds behave like clay and related 
materials. Indeed, the water release let the lamellar character be preserved, while important 
variations of the interlayer space have been observed, depending on the nature of the metal. 
However, there is no structure collapse even for the anhydrous phases.  
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Table 1. Details of the synthetic molar ratio and obtained crystals.  
 
compound FeMBA CoMBA NiMBA CuMBA ZnMBA 
Metal/Amine/H2SO4 
Molar ratio  
1/4/1.8 1/3/1.2 3/3/1.2 1/2/1.2 1/2/1.2 
metal concentration 
(mmol.ml
-1
) 
0.155 0.155 0.465 0.155 0.155 
Single crystal colour Pale yellow red green blue colorless 
 
Table 2. Crystal Data and Structure Refinement Details for (C8H12N)2[M(SO4)2(H2O)4](H2O)2 
 
 (CuMBA) (NiMBA) (CoMBA) (FeMBA) 
Empirical formula C16H36N2CuO14S2 C16H36N2NiO14S2  C16H36N2CoO14S2 C16H36N2FeO14S2  
Formula (C8H12N)2[Cu(H2O)4(SO4)2](H2O)2 (C8H12N)2[Ni(H2O)4(SO4)2](H2O)2 (C8H12N)2[Co(H2O)4(SO4)2](H2O)2 (C8H12N)2[Fe(H2O)4(SO4)2](H2O)2 
Formula weight 608.12 603.30 603.52 600.44 
Temperature (K) 150 150 150 150 
Crystal system monoclinic monoclinic monoclinic monoclinic 
Space group P21/n P21/n P21/n P21/n 
a(Å) 6.226(2) 6.1582(1) 6.1876(2) 6.2172(1) 
b(Å) 33.095(1) 32.4154(6) 32.4166(11) 32.5008(7) 
c(Å) 7.003(2) 6.9909(1) 7.0025(2) 7.0022(1) 
 (deg) 90 90 90 90 
ß (deg) 109.68(2) 108.4391(6) 108.3530(10) 108.1857(9) 
 (deg) 90 90 90 90 
V(Å
3
) 1358.7(1) 1323.88(4) 1333.12(7) 1344.22(4) 
Z 2 2 2 2 
ρcal (g.cm
-1
) 1.486 1.513 1.503 1.483 
Crystal size (mm
3
) 0.4*0.15*0.1 0.36*0.12*0.07 0.58* 0.19* 0.14 0.18* 0.06* 0.05 
Habit-colour  blue green red Pale yellow 
 μ(mm-1) 1.022 0.957 0.866 0.782 
θ range (deg) θmax = 27.48, θmin = 3.53 θmax = 27.47, θmin = 2.51 θmax = 27.51, θmin = 2.51 θmax = 27.43, θmin = 2.51 
Index ranges h = −8 7, k = −37 42, l = −9 8 h = −7 7, k = −42 41, l = −6 9 h = −5 7, k = −42 42, l = −9 8 h = −6 8, k = −42 37, l = −9 9 
Unique data 3046 3008 3012 3051 
Observed data [I > 2(I)] 2389 2725 2746 2777 
F(000) 638 636 634 632 
R1 0.067 0.035 0.0582 0.0336 
wR2 0.090 0.097 0.1775 0.0854 
GoF 1.175 1.176 1.204 1.079 
No. param. 138 188 174 200 
Transmission factors Tmin=0.658, Tmax=0.903 Tmin= 0.6735, Tmax= 0.7456 Tmin= 0.6799, Tmax= 0.7456   Tmin= 0.6679, Tmax= 0.7456   
Largest difference map 
hole and peak (e Å
-3
) 
min = −0.46, max = 0.36 min = -0.543, max = 0.576 min = -0.438, max = 2.029 min = -0.355, max = 0.455 
Table 3. Assignments of the Bands of the Infrared Absorption Spectra for Ni and Zn 
related (C8H12N)2[M(SO4)2(H2O)4](H2O)2 
 
NiMBA ZnMBA Vibrational mode 
assignement 
540 
632 
541 
621 
asymmetry bending of SO4 
group. 
695 699 C-H out of plane deformation 
mode 
921 921 CH2 rocking mode 
985 988 C-C stretching mode 
1090 
1115 
1153 
1231 
1051 
1079 
1127 
1228 
In plan C-H deformation 
mode. 
1295  CH3 deformation mode 
 1319 NH3
+
 rocking mode 
1370 
 
 CH3 symmetric  deformation 
mode 
1455 
1506 
1601 
1392 
1482 
1500 
C-C ring stretching 
1617 1645 NH3
+
 symmetric bending 
mode 
2921 2929 Antisymmetric CH2 stretch 
3005 3023 
3064 
Aromatic CH 
3498 3430 The stretching vibrations of 
water molecule 
 
 
Figure captions 
 
Figure 1: Infrared absorption spectra of (a) Ni and (b) Zn compounds in the region of sulfate 
anion, benzylammonium cation and water.  
Figure 2: Projection of the structure along the crystallographic a axis, showing the lamellar 
character and the stacking along the b axis. 
Figure 3: The weak hydrogen bonding between the [M
II
(H2O)4(SO4)2]
2-
 entities within the 
mineral layer, showing its supramolecular aspect. 
Figure 4: Complete weak interaction network between the chemical entities in part of the 
structure. Symmetry code: i) 1+x, y, z. 
Figure 5: TG curve for the decomposition of (C8H12N)2[M(SO4)2(H2O)4](H2O)2 in air, for (a) 
Ni and (b) Zn. 
Figure 6: TDXD plot for the decomposition of the compounds in air, showing the successive 
crystalline phases up to MSO4, for (a) Ni and (b) Zn. 
Figure 7: Evolution of the interlayer distance in the structure of the Ni and Zn based 
compounds, according to their different dehydration behavior. The onsets represent the 
displacement of the first diffraction line (interlayer basal peak), each pattern representing a 
point in the curve. 
(a) 
(b) 
Figure 1: Infrared absorption spectra of (a) Ni and (b) Zn compounds in the region of sulfate 
anion, benzylammonium cation and water.  
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(H2O)4(SO4)2]
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mineral layer, showing its supramolecular aspect. 
 
 Figure 4: Complete weak interaction network between the chemical entities in part of the 
structure. Symmetry code: i) 1+x, y, z. 
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Figure 5: TG curve for the decomposition of (C8H12N)2[M(SO4)2(H2O)4](H2O)2 in air, for (a) 
Ni and (b) Zn. 
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Figure 6: TDXD plot for the decomposition of the compounds in air, showing the successive 
crystalline phases up to MSO4, for (a) Ni and (b) Zn. 
 
  
Figure 7: Evolution of the interlayer distance in the structure of the Ni and Zn based 
compounds, according to their different dehydration behavior. The onsets represent the 
displacement of the first diffraction line (interlayer basal peak), each pattern representing a 
point in the curve. 
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supramolecular double salts. Their crystal structure shows an unprecedented lamellar type 
with a significant interlayer distance of more than 16 Å. The compounds behave as 
organically intercalated-clay materials, when submitted to temperature increase, with 
important differences according to the metal. 
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